Fibroblasts are the most abundant connective tissue cells and play an important role in wound healing. It is possible that faster and scarless wound healing in oral mucosal gingiva relative to skin may relate to the distinct phenotype of the fibroblasts residing in these tissues. Connexin 43 (Cx43) is the most ubiquitous Cx in skin (SFBLs) and gingival fibroblasts (GFBLs), and assembles into hemichannels (HCs) and gap junctions (GJs) on the cell membrane. We hypothesized that SFBLs and GFBLs display distinct expression or function of Cx43, and that this may partly underlie the different wound healing outcomes in skin and gingiva. Here we show that Cx43 distinctly formed Cx43 GJs and HCs in human skin and gingiva in vivo. However, in SFBLs, in contrast to GFBLs, only a small proportion of total Cx43 assembled into HC plaques. Using an in vivo-like 3D culture model, we further show that the GJ, HC, and channel-independent functions of Cx43 distinctly regulated wound healingrelated gene expression in GFBLs and SFBLs. Therefore, the distinct wound healing outcomes in skin and gingiva may partly relate to the inherently different assembly and function of Cx43 in the resident fibroblasts.
Introduction
Fibroblasts are a heterogeneous and abundant group of connective tissue cells. Such cells play a key role in wound healing and scar formation by regulating ECM production and remodeling, inflammation, angiogenesis and reepithelialization [22, 27, 43] . Accumulating evidence indicates that the outcome of a wound may depend on the phenotype of the fibroblasts in a given tissue. For example, gingiva, which is characterized by fast and significantly reduced scar-forming wound healing as compared to skin [20, 42, 49, 68, 78] , harbors fibroblasts with a phenotype and regenerative potential that is distinct from adult skin fibroblasts [20, 28, 53] . Human gingival fibroblasts (GFBLs) display a gene expression pattern that is less pro-fibrotic than do skin fibroblasts (SFBLs) [19, 47, 48] . GFBLs also migrate faster into the early provisional wound matrix and degrade it quicker than SFBLs, another factor which may contribute to efficient gingival wound healing [46] . Some suggest that this difference in GFBLs and SFBLs may derive from their different developmental origins. Most of GFBLs may originate from neural crest. In contrast, fibroblasts in trunk and limb dermis derive from somites and lateral plate mesoderm [28, 43, 72, 81] . Thus, the distinct phenotypic properties of GFBLs and SFBLs may underlie the different wound healing outcomes in these tissues.
Connexins (Cxs) are a family of 21 transmembrane proteins that play an integral role in wound healing [67] . However, very little is known regarding their expression and function in GFBLs compared to SFBLs in vivo or in vitro. Each Cx protein contains four transmembrane domains with two extracellular loops, one cytoplasmic loop, and N-and C-terminal intracellular domains. Assembly of six Cx subunits forms a hemichannel (HC), establishing a conduit for the transfer of small ions and signaling molecules between the cell cytosol and the extracellular environment. Head-to-head docking of two HCs from neighboring cells forms a gap junction (GJ), which provides direct cell-to-cell contact for communication via the exchange of small (< 1 kDa) molecules [32, 35] . Typically, Cx GJs and HCs cluster in large plaques on cell membranes, and these plaques can be detected by immunostaining [4, 41, 70] .
In general, channel functions of both HCs and GJs are regulated by similar factors although, interestingly, they are often affected in opposing manners. For example, while increased levels of inflammatory cytokines, elevation of intracellular Ca 2+ concentration or oxidative stress promote the opening of HCs during wound healing or ischemia, they may also induce closure of GJs [32, 61] . Cx HCs and GJs also distinctly regulate various cell functions including proliferation, migration, death, survival, wound healing, and gene expression [5] . Cxs can also regulate gene expression, cell adhesion, migration, and apoptosis through functions that are not related to the Cx channel functions, but instead involve interactions of Cx43 cytoplasmic domains with other cytoplasmic signaling molecules. These channel-independent functions of Cxs are still not completely understood [33, 52, 83] . Cx43 is the most ubiquitous Cx in skin and gingiva, and its expression is dynamically regulated during wound healing in these tissues. In skin, Cx43 also regulates the wound healing process [9, 69] . For instance, compared to normal skin, Cx43 is strongly downregulated in the epidermis during wound re-epithelialization [10, 21] . In wounded mouse dermis, Cx43 abundance is also markedly reduced in hair follicles while it is upregulated in blood vessels [10] . Cx43 is also, in general, upregulated in the dermis in non-healing diabetic human and rat skin wounds compared to non-diabetic wounds [50] . Interestingly, transient blocking of Cx43 expression or function during the early stages of wound healing accelerates wound re-epithelialization and granulation tissue formation in skin in various wound healing models [11, 17, 18, 24, 38, 39] . In addition, blocking Cx43 function reduces dermal scar formation in rodent models [17, 54, 63] . In a recent study, immediate or early application of ACT1 (synthetic peptide mimicking the Cx43 C-terminus) gel to human laparoscopic incisional wounds significantly improved scar pigmentation, thickness, and surface roughness as compared to untreated wounds, likely by inhibiting ZO-1 association with endogenous Cx43 [25] . Therefore, early downregulation of Cx43 function or expression may be beneficial for wound healing and suppress scar formation.
In gingival wound healing, the abundance of Cx43 is strongly reduced in the epithelium and fibroblasts during the early stages of wound healing [69] . Furthermore, selective blockage of Cx43 HCs or GJs by mimetic peptides resulted in a distinct upregulation of anti-fibrotic genes and a downregulation of pro-fibrotic genes in cultured GFBLs, and this response was mainly mediated by Cx43 HCs [70] . Thus, reduced Cx43 HC function may be important for fast and relatively scarfree gingival wound healing. Given that GFBLs and SFBLs have distinct phenotypic properties that may underlie the wound healing outcomes, it is possible that the expression and/or function of Cx43 is also different in these two cell types.
Therefore, the aim of the present studies was to first characterize Cx43 HCs and GJs in human GFBLs and SFBLs in vivo. By using a wellestablished three-dimensional (3D) cell culture model that mimics wound healing [3, 31, 34, 73] , we compared the function of Cx43 HCs and GJs in GFBLs and SFBLs. We hypothesized that SFBLs and GFBLs display distinct phenotypes regarding expression and/or function of Cx43, and that this may partly contribute to the different wound healing outcomes in skin and gingiva.
Materials and methods

Human tissue samples
Palatal gingival tissue samples were obtained from three healthy individuals (26-, 27-year-old females and a 48-year-old-male) and processed for frozen sectioning as described previously [69] . Frozen tissue sections from normal human breast (from two 31-year-old female donors) and abdominal (from a 55-year-old male donor) skin of healthy subjects were obtained from Origene Technologies Inc. (Rockville, MD). For the study, a minimum of three tissue sections from each subject was analyzed.
Pig tissue samples
Skin and palatal gingival tissue samples were obtained from juvenile female red Duroc pigs (Neufeld Farm, Acme, AB, Canada) as described previously [49] . Briefly, three parallel palatal gingival and dorsal skin tissue samples were collected from three pigs, immediately frozen in liquid nitrogen, and used for total RNA isolation and quantitative realtime RT-PCR (qPCR) as described previously [48] .
Cell culture
Human skin fibroblasts (SFBLs; five strains from different donors) from clinically healthy human breast were obtained from PromoCell (Heidelberg, Germany). Human gingival fibroblasts (GFBLs; five strains from different donors) were isolated as previously described [26] from attached gingiva of clinically healthy human donors (Supplemental Table S1 ). Cells were routinely maintained in Dulbecco's Modified Eagle's medium (DMEM), supplemented with 1% antibiotic/antimycotic and 10% fetal bovine serum (FBS) (Gibco Life Technologies, Inc., Grand Island, NY, USA) at 37°C and 5% CO 2 , and seeded for experiments when they reached about 95% confluence. Experiments were performed at passages 5-10. To generate three-dimensional (3D) in vivolike cultures [3] , cells (42,000 cells/cm 2 ) were seeded and cultured for 24 h, followed by incubation in the above medium supplemented with 50 μg/ml of ascorbic acid up to 14 days, with medium changes every other day [47] . The cultures were serum-starved for 24 h prior to analyses or further treatment (see below).
Ethics statement
Tissue donors provided written informed consent. All procedures were reviewed and approved by the Office of Research Ethics of the University of British Columbia, and comply with the 1975 Declaration of Helsinki. All animal procedures were reviewed and approved by the Animal Care Committee of the Faculty of Medicine, University of Calgary (Calgary, AB, Canada; protocol number M03037.M08025, 2009).
Immunostaining
Human frozen tissue sections and fibroblasts grown on gelatincoated glass coverslips in 24-well plates were fixed and immunostained as described previously [47, 69] . Cx43 and Cx43(E2) antibodies were used to localize all Cx43 molecules and Cx43 HCs only, respectively. Antibodies against vimentin and ZO-1 were used to identify fibroblasts and cell-cell contact areas, respectively. All antibodies used are listed in Supplemental Table S2 . Images were acquired using optical sectioning at 1 µm (ECLIPSE 80i Microscope; Nikon, Tokyo, Japan), and are presented as z-stacks created by the NIS-Elements BR software (Nikon). Control staining was performed by omitting the primary antibody incubation step. Cx43-positive plaques were quantified from a minimum of 100 cells per culture from five standardized microscopic fields which were derived from three parallel samples using Fiji software [Schindelin et al. [84] ; http://fiji.sc/]. The analyses were replicated in two independent experiments. A threshold was set to detect Cx43-positive plaques with minimal background noise, and it remained the same for all images.
Quantitative real time RT-PCR (qPCR)
qPCR analysis was performed according to MIQE guidelines [6] as we have described in detail previously [69] . The primers used for qPCR and reference genes are listed in Supplemental Table S3 . Amplification reactions for qPCR were performed using the CFX96 System (Bio-Rad).
For a given experiment, at least two reference genes were chosen [44] . Non-transcribed RNA samples were used as a negative control. The qPCR reactions were performed in triplicate for each sample. The data was analyzed and is presented based on the comparative Ct method (CFX Manager Software Version 2.1, Bio-Rad).
Western blotting
SFBLs and GFBLs were lysed and collected at indicated time points post-seeding as described previously [47] . Western blotting was performed with the antibody against total Cx43 (Supplemental Table S2 ). β-Tubulin was used as a loading control. Intensity of the protein bands was quantified using ImageJ software version 1.51 h (NIH, Bethesda, MD; http:// imagej.nih.gov/ij).
Modulation of Cx43 GJ and HC function
GFBLs and SFBLs were grown on 6-well plates as described above. At day-6 post-seeding, cells were serum-starved for 24 h, and then treated with Gap27 (150 μM; SRPTEKTIFII; Biomatik, Cambridge, ON, Canada), which blocks Cx43 GJ and HC functions [8, 29, 74] , or TATGap19 peptide (400 μM; YGRKKRRQRRR-KQIEIKKFK; LifeTein, Somerset, NJ, USA), which specifically blocks Cx43 HCs without affecting GJs [1, 75] . Control samples were treated with a scrambled control Gap27 peptide (TFEPDRISITK; Biomatik) [80] , or a mutated, functiondeficient control TAT-Gap19 peptide (YGRKKRRQRRR-KQAEIKKFK; LeifTein) [74] , respectively.
Dye transfer experiments
Fibroblasts were grown on glass coverslips as described above, and then serum-starved in DMEM for 24 h. To assess the GJ function of Cx43, cells were preincubated with Gap27 (150 μM), TAT-Gap19 (400 μM), or with the corresponding control peptides in DMEM at 37°C for 1 h. Medium was then removed, cells were scrape-loaded with 0.5% Lucifer Yellow (Molecular Probes Inc., Eugene, OR, USA) for 5 min, and then rinsed and fixed as described previously [69] .
To assess the HC function of Cx43, cells were preincubated in their normal growth medium (DMEM; containing 1.8 mM Ca 2+ ), or in EMEM (Lonza, Walkersville, MD, USA) supplemented with 180 nM Ca 2+ (low calcium medium) to induce the opening of Cx HCs [74] , with or without Gap27, TAT-Gap19, or corresponding controls, as above for 1 h. Cultures were then treated in the respective media with the inhibitors or controls, and Propidium Iodide (2.5 mM; Sigma-Aldrich) for 20 min.
Statistical analysis
The data is presented as mean ± standard error of the mean (s.e.m.) from a minimum of three biological replicates, unless otherwise indicated. Statistical analysis was performed by using two-tailed t-test; p < 0.05 was considered statistically significant. Values obtained from the qPCR by the comparative Ct-method were Log2 transformed for statistical testing [58] .
Results
Human gingival fibroblasts and epithelial cells show abundant immunostaining of Cx43 HCs compared to skin in vivo
To compare the abundance of Cx43 in skin and gingiva, we first assessed the expression of Cx43 mRNA in paired samples from normal dorsal skin and attached palatal gingiva from three separate red Duroc pigs. The tissue structure and wound healing response in the skin and gingiva of these animals closely resembles that of the corresponding human tissues [16, 57, 78] . Findings showed that expression of Cx43 mRNA in skin was 4-fold (p < 0.033, Student's t-test) higher than in gingiva. To investigate the localization of Cx43, tissue sections obtained from human gingiva and skin were immunostained using an antibody that recognizes intracellular, GJ-and HC-associated Cx43 (total Cx43) [64, 65] , or with an antibody that detects only cell surface HC-associated Cx43 [Cx3(E2); [62, 36] ]. Consistent with our previous findings [69, 70] , in gingival epithelium, total Cx43 staining was localized to cell-cell contact areas of keratinocytes, with stronger immunoreactivity at the basal and spinous layers and a less abundant staining at the upper layers ( Fig. 1A and B, respectively). In contrast, HC-specific Cx43(E2) staining was present only in the basal and spinous epithelial layers (Fig. 1D) , with no immunoreactivity observed at the upper layers (Fig. 1E) . Staining of Cx43 plaques with the antibody against total Cx43 detected markedly more plaques in the basal and spinous layers of the epithelium than the Cx43(E2) antibody against Cx43 HCs (Fig. 1A and D, respectively).
Using both antibodies against total Cx43 (Fig. 1C ) or Cx43 HCs (Fig. 1F ) fairly large plaque-like structures were also detected in GFBLs as identified by double-immunostaining for vimentin. The most notable staining with both Cx43 antibodies was associated with long fibroblast processes (inserts in Fig. 1C and F) . Unlike in the epithelium that showed more abundant staining for total Cx43 than Cx43 HCs, the density of the Cx43 plaques stained with both of the antibodies appeared relatively equal in GFBLs.
In dermal epithelium, a very intense immunoreactivity against total Cx43 was observed at the upper layers, with markedly less abundant staining in the basal and spinous layers (Fig. 1G) . In contrast to the gingival epithelium, skin epidermis contained few Cx43 HCs located in the superficial layers, while the basal and spinous layers were largely negative (Fig. 1I ).
Similar to findings with GFBLs ( Fig. 1C and insert), total Cx43-positive plaques were present and located mainly on the long processes of SFBLs ( Fig. 1H and insert) . However, in contrast to observations with GFBLs ( Fig. 1F ), Cx43 HC plaques were almost totally absent from SFBLs ( Fig. 1J) , and when present, were localized along the fibroblast processes as in the GFBLs (insert in Fig. 1J ).
Taken together, expression of Cx43 mRNA in skin is significantly higher than in gingiva. In GFBLs in vivo, the density of total Cx43 and Cx43 HC plaques are relatively similar, suggesting that the majority of Cx43 plaques contain Cx43 HCs. In contrast, SFBLs show abundant immunoreactivity for total Cx43, while they possess only very few Cx43 HC plaques. Similarly, skin epidermis shows a stronger total Cx43 staining and fewer Cx43 HC plaques, especially in the basal and spinous layers of the epithelium, compared to the gingival epithelium. In both gingival and skin epithelium, the number of Cx43 positive plaques detected by the total Cx43 antibody is markedly higher than those detected by the HC-specific Cx43(E2) antibody, suggesting that Cx43 HCs comprise a minor proportion of total Cx43 found in both epithelia.
Skin fibroblasts express increased amount of Cx43 protein but possess fewer Cx43 HCs than gingival fibroblasts in 3D cultures
Having established that SFBLs abundantly display total Cx43-positive plaques but have very few Cx43 HCs compared to GFBLs in vivo, we wanted to compare expression and abundance of Cx43 by these cells in vitro. To this end, a well-established in vivo-like three-dimensional (3D) cell culture model was used. In this model, fibroblasts are initially cultured as a high density monolayer which are then stimulated with serum and ascorbic acid to proliferate, express a transcriptome similar to that observed during wound healing, and produce a multilayered 3D ECM over time, a situation that mimics connective tissue wound healing [3, 31, 34, 73] . In addition, cells become embedded in their own cell type-specific extracellular matrix, allowing them to interact with the 3D matrix using similar cell adhesion receptors found in vivo [12, 13, 23, 34, 37, 56, 82] . We have previously shown that GFBLs and SFBLs display distinct tissue-specific phenotypes in this model [47, 48] . Using five parallel GFBL and SFBL strains, the expression of key Cxs Fig. 1 . Localization of Cx43 GJs and HCs in human gingiva and skin in vivo. Representative images of human gingival (A-F) and dermal (G-J) tissue sections double immunostained with an antibody recognizing all forms of the Cx43 molecule (Cx43; A-C, G and H) or only HC-associated Cx43 (Cx43(E2); D-F, I and J) and vimentin (green; a mesenchymal cell marker) in human gingival (A, B, D and E) and dermal (G and I) epithelium, and gingival (C and F) and dermal (H and J) connective tissue. In the gingival epithelium, Cx43 immunostaining localized most abundantly at the cell-cell contacts as plaque-like structures typical to GJs in the basal and spinous layers (A and B). Staining with the Cx43 HC-specific Cx43(E2) antibody, however, showed localization of Cx43 only in the basal and lower spinous layers (D), with no immunoreactivity at the upper layers of the epithelium (E). In the gingival connective tissue, Cx43 (C) and Cx43(E2) (F) staining was also present as plaque-like staining that mostly localized in the long cellular processes reaching out from the vimentin-positive cells (arrows). In the dermal epithelium (G and I), Cx43 immunostaining (G) localized at the cell-cell contacts with strong immunoreactivity at the upper epithelial layers. Weak staining was noted with Cx43(E2) antibody only at the superficial layers (I). In the dermal connective tissue, Cx43 immunostaining localized abundantly in the long cellular processes (H), similar to the gingival connective tissue (C). Cx43(E2) staining, however, was almost absent from the skin fibroblast processes (J) being only occasionally detected (insert in J). Inserts in (C), (F), (H), and (J) show higher magnification images of Cx43 localization in the long cellular processes. Representative immunostaining images from a minimum of three parallel sections from three individual donors are shown. Nuclear staining (blue) was performed using DAPI.
(caption on next page) previously found in fibroblasts (Cx32, Cx37, Cx40, Cx43, and Cx45) were assessed by qPCR. As expected, based on mRNA levels, Cx43 was the major Cx detected in both GFBLs and SFBLs at day-3 post-seeding ( Fig. 2A) . In addition, both cell types expressed low levels of Cx45, while expression of Cx32, Cx37 and Cx40 was negligible ( Fig. 2A) . During propagation of the 3D cultures, SFBLs showed a time-dependent and significant increases in Cx43 expression from day-3 to -14 postseeding (Fig. 2B) . However, no significant differences were detected in the levels of Cx43 mRNA between GFBLs and SFBLs at any time point studied ( Fig. 2A and B) . Interestingly, at day-7 post-seeding, when the 3D architecture of the cultures was well established [3, 47] , SFBLs produced significantly higher levels of Cx43 protein compared to GFBLs ( Fig. 2C and D) .
To study in more detail the abundance and localization of Cx43 in the 3D cultures, we performed Western blotting for total Cx43 and immunostaining for Cx43 using the antibodies against total and HCassociated Cx43 in GFBLs and SFBLs at 3-, 7-and 14-days post-seeding. Double-immunostaining with ZO-1 was performed to indicate the cellcell contacts where GJs are formed [71] . Western blotting results showed increasing amount of total Cx43 in both cell types over time (Supplemental Fig. S1 ). Consistent with our previous findings from GFBLs [70] , immunostaining showed few plaques that were positive for total Cx43 antibody and colocalized with ZO-1, likely representing GJ plaques at cell-cell contacts, in both GFBLs and SFBLs ( Fig. 2E; a-f) . The observation that the majority of the Cx43-positive plaques did not colocalize with ZO-1 suggests that they represented intracellular and/or HC-associated Cx43 ( Fig. 2E; a-c) . As reported previously for GFBLs [70] , Cx43(E2)-positive HC plaques were present and located throughout the cell body for both GFBLs and SFBLs. As expected, they did not colocalize with ZO-1-positive cell-cell contacts ( Fig. 2E; g-l) . Quantification of immunostaining indicated that almost equal number of plaques were stained with the antibodies against total Cx43 and Cx43 HCs in GFBLs (Fig. 2F) . Thus, in GFBL 3D cultures, most Cx43 assembles into HCs and GFBLs possess only few Cx43 GJs.
When compared to GFBLs, SFBLs displayed somewhat elevated numbers of total Cx43-positive plaques and these differences were most apparent at day-7 and -14 post-seeding (Fig. 2F) . However, SFBLs showed markedly fewer Cx43 HCs at day-3 and -7 post-seeding than did GFBLs (Fig. 2F) . As a result, the plaques stained with the total Cx43 antibody significantly outnumbered the Cx43 HCs at day-3, -7, and -14 post-seeding in SFBLs (Fig. 2F) . Therefore, unlike in GFBLs, only a small proportion of the SFBL Cx43 assembled into HC plaques. The number of these Cx43 HCs in SFBLs increased significantly over time, reaching levels similar to those of GFBLs at day-14 post-seeding (Fig. 2F) . Taken together, both GFBLs and SFBLs express Cx43 as their major Cx. In 3D cultures, expression of total Cx43 protein was significantly higher in SFBLs than in GFBLs. Similar to findings in normal skin and gingiva in vivo, 3D cultures of SFBLs possessed significantly fewer Cx43 HCs, while they were abundant in GFBLs at day-3 post-seeding. During propagation of the 3D cultures over time, the number of Cx43 HCs in SFBLs increased reaching the levels detected in GFBLs at day-14 post-seeding.
Gingival and skin fibroblasts possess functional Cx43 GJs and HCs
We have previously shown that cultured GFBLs have functional Cx43 GJs and HCs [69, 70] . Having established that SFBLs also possess both Cx43 GJs and HCs, we wanted to also evaluate their functionality. To assess the Cx43 GJ function, GFBLs and SFBLs were cultured for three days as above, scrape-loaded with Lucifer Yellow and dye transfer was followed for 5 min, as described previously [70] . Both GFBLs and SFBLs showed potent dye transfer that extended several cells away from the scratch wound edge indicating that they possess functional GJs ( Fig. 3A; a, b, d , e and g, h, j, k, respectively). To confirm whether the dye transfer occurred via Cx43 GJs, cells were pretreated with Gap27, a Cx43 mimetic peptide that binds to the Cx43 extracellular loop and specifically blocks its GJ and HC functions [29, 8] . Gap27 treatment effectively blocked dye transfer in both GFBLs and SFBLs indicating that it was mediated by Cx43 ( Fig. 3A ; c and i, respectively). As expected, treatment of cells with TAT-Gap19 peptide, which specifically blocks Cx43 HC functions without affecting GJs [1, 62] , did not affect dye transfer in either GFBLs or SFBLs ( Fig. 3A; f and i, respectively) .
To assess Cx43 HC function, the above cultures were incubated in low Ca 2+ -containing medium (180 nM Ca 2+ ) to induce the opening of Cx HCs, and then treated with HC-permeable Propidium Iodide (PI) [60] . HC-mediated dye transfer was assessed after 20 min using fluorescence microscopy as described previously [70] . Both GFBLs and SFBLs showed avid PI uptake when kept in low Ca 2+ -containing medium ( Fig. 3B; d Fig. 3B ; e and k) or TAT-Gap19 ( Fig. 3B ; f and l) resulted in complete blockage of PI uptake as compared to treatments with corresponding control peptides ( Fig. 3B ; b, h and c, i, respectively). Thus, human GFBLs and SFBLs display functional Cx43 GJs and HCs that can be blocked with Gap27. TAT-Gap19 effectively blocked Cx43 HC function without affecting GJs in both cell types.
A set of wound healing-associated genes is distinctly regulated via Cx43 GJs and HCs in gingival and skin fibroblasts
Using standard 2D cultures, we have previously shown that Gap27 and TAT-Gap19 significantly regulate expression of a set of wound healing-associated genes in GFBLs, suggesting that Cx43 GJs and HCs play a role in the cell phenotype [69, 70] . To explore this further using 3D cultures that better mimic the skin in vivo, we next compared gene expression of the previously validated set of wound healing-associated genes [47, 69, 70] in response to Gap27 and TAT-Gap19 treatment in GFBLs and SFBLs. To this end, cells were maintained in 3D cultures for seven days, treated with Gap27 (150 μM) to block both Cx43 GJs and HCs or TAT-Gap19 (400 μM) to block Cx43 HCs only for 24 h, and gene expression assessed by qPCR. At this time point, SFBLs expressed significantly higher levels of Cx43 proteins, but had a markedly lower Fig. 2 . Cx43 expression and localization in cultured gingival and skin fibroblasts. (A) Results show qPCR analysis of relative mRNA amount of major Cxs in gingival (GFBLs; GFBL-DW, GFBL-HN, GFBL-OL, GFBL-IE, and GFBL-DC) and skin (SFBLs; SFBL-2-C, SFBL-406, SFBL-302, SFBL-4-1, and SFBL-1-2) fibroblast cultures at day-3 post-seeding. Cx43 was the major Cx expressed in both GFBLs and SFBLs. (B) qPCR analysis of relative Cx43 mRNA amount in GFBLs and SFBLs, 3-, 7-, and 14-days post-seeding. Results represent mean ± s.e.m. from a minimum of three repeated experiments (* p < 0.05, ** p < 0.01; two-tailed Student's t-test). Results in A and B represent mRNA amount relative to GFBL-DC. Range of the Ct-values obtained from qPCR is indicated below each gene name. (C and D) Western blotting analysis (C) and quantitation (D) of Cx43 in GFBLs and SFBLs day-7 (D7) 3D cultures. SFBLs showed significantly higher abundance of Cx43 compared to GFBLs. Sample loading was normalized for β-Tubulin levels. (E) Representative images from GFBL-DC and SFBL-1-2 day-7 3D cultures double-immunostained for total Cx43 (red) and ZO-1 (green; indicator of cell-cell contacts) (a-f), or HC-associated Cx43 (Cx43(E2); red) and ZO-1 (g-l). (a-f) Cx43 staining was abundantly present in both GFBLs and SFBLs throughout the cell body. In addition, some Cx43 staining colocalized with ZO-1 staining at cell-cell contact areas (arrowheads in a and d), likely representing GJ plaques. (g-l) GFBLs and SFBLs also showed numerous Cx43(E2)-positive plaques that did not colocalize with ZO-1 (arrows in g and j) at the cell-cell contacts, likely representing Cx43 HCs. Nuclear staining (blue) was performed using DAPI. Representative immunostaining images from three parallel samples from two repeated experiments are shown. (F) Quantitation of mean number of total and HC-associated Cx43 plaques per cell over time in culture in GFBL-DC and SFBL-1-2. For quantitation, five standard fields from each coverslip were randomly selected. Cx43-positive plaques were counted in minimum of 100 cells per field. Results are relative to the number of Cx43(E2)-positive plaques in SFBL-1-2 at day-3 post-seeding.
abundance of Cx43 HCs than GFBLs (Fig. 2C-F) . Results showed that compared to controls, both Gap27 and TAT-Gap19 treatments significantly increased the expression of 10 of the 25 genes analyzed in GFBLs (MMP-1, -3, -10, TIMP-1, Tenascin-C, TGF-β1, TGF-β3, VEGF-A, Cx43, and Cadherin-2). The expression of seven of these 10 genes (MMP-1, -3, -10, Tenascin-C, VEGF-A, Cx43, and Cadherin-2) was significantly more potently upregulated by TAT-Gap19 compared to Gap27 treatment (Fig. 4A) . Five other genes (TIMP-3, Collagen type I, NMMIIB, NAB1, and CXCL12) were significantly regulated only by TATGap19 (Fig. 4A ). In contrast, two genes (TIMP-4 and Collagen type III) were significantly regulated only by Gap27 treatment. Neither of the peptide treatments had a significant effect on eight of the genes assessed (MMP-14, TIMP-2, EDA-FN, EDB-FN, α-SMA, Decorin, Fibromodulin, and Cx45) (Fig. 4A) .
When compared to controls, only four (MMP-1, -3, -10, and VEGF-A) out of the above 25 genes were significantly increased by both Gap27 and TAT-Gap19 treatments in SFBLs (Fig. 4B) . Further analysis showed that eight of the studied genes (TIMP-3, Collagen type I, EDA-FN, EDB-FN, NMMIIB, Decorin, Fibromodulin, and CXCL12) showed a different response to the two peptide treatments in SFBLs (Fig. 4B) . Among these genes, EDB-FN was significantly upregulated only by the Gap27 treatment. Out of the remaining seven genes, two (TIMP-3 and EDA-FN) were significantly upregulated, and five (Collagen type I, NMMIIB, Decorin, Fibromodulin, and CXCL12) were downregulated by TAT-Gap19, while Gap27 had no effect (Fig. 4B) . Out of the 25 genes analyzed, 13 genes (MMP-14, TIMP-1, -2, -4, Collagen type III, Tenascin-C, α-SMA, TGF-β1, TGF-β3, NAB1, Cx43, Cx45, and Cadherin-2) did not show significant expression changes in response to either of the peptide treatments in SFBLs (Fig. 4B) . This indicates that expression of these genes is not under the control of Cx43 GJs or HCs in SFBLs in this model. Findings from a set of additional experiments showed that for the genes that responded to the Gap27 and TAT-Gap19 treatments, the responses were concentration-dependent from 50 μM up to 300 μM, and from 400 μM up to 600 μM, respectively (Supplemental Fig. S2) . Therefore, the expression of a set of wound healing-related genes is distinctly regulated by Gap27 and TAT-Gap19 in GFBLs and SFBLs (Fig. 4 and Table 1 ). 3.5. Gap27 and TAT-Gap19 treatments distinctly modulate expression of a set of wound healing-associated genes in human gingival compared to skin fibroblasts Next, we wanted to evaluate the effect of each peptide treatment on GFBLs and SFBLs to compare the response patterns. To this end, we compared the gene expression changes induced by Gap27 (Fig. 5A) or TAT-Gap19 (Fig. 5B) relative to corresponding control peptide-treated samples between GFBLs and SFBLs. MMP3 was the only gene that was significantly upregulated by TAT-Gap19 in both GFBLs and SFBLs ( Fig. 4A and B) , and which showed a significantly more pronounced upregulation in GFBLs compared to SFBLs (Fig. 5B) . Out of the remaining 24 genes studied, expression of three genes (TGF-β1, TGF-β3, and Cx43) was significantly higher after treatment with both Gap27 (Fig. 5A ) and TAT-Gap19 (Fig. 5B) in GFBLs compared to SFBLs, as only GFBLs responded to the treatments. Likewise, two genes (TIMP-1 and Cadherin-2) showed increased expression in response to TAT-Gap19 treatment in GFBLs, but not in SFBLs (Fig. 5B) . Decorin was significantly downregulated in SFBLs compared to GFBLs by TAT-Gap19 because only SFBLs responded to the treatment (Fig. 5A) . Thus, the expression of the above seven genes (MMP-3, TIMP-1, TGF-β1, TGF-β3, Cx43, Decorin, and Cadherin-2) was significantly influenced by TATGap19 in GFBLs compared to SFBLs. Three of the above seven genes (TGF-β1, TGF-β3, and Cx43) were also potently regulated by Gap27 in GFBLs, but not in SFBLs. Therefore, the phenotype of GFBLs was more potently regulated by Gap27 and TAT-Gap19 than SFBLs.
Discussion
GFBLs and SFBLs from normal tissue display distinct phenotypes, and this may contribute to the different wound healing outcomes in these two tissues [19, [47] [48] [49] 78] . The expression and function of Cx43 is also an important modulator of wound healing [9] . We have shown that in human gingiva, fibroblasts and keratinocytes assemble Cx43 into both GJ and HC plaques in vivo [69, 70] . Findings from other human studies have also shown the presence of Cx43 GJs in skin keratinocytes in vivo [4] . However, it is not known whether these two tissues distinctly express Cx43 GJs and HCs. Findings from the present studies demonstrated that, similar to the gingival tissue [70] , Cx43 assembles into GJ and HC plaques in human skin epithelium and connective tissue Fig. 4 . Gap27 and TAT-Gap19 effect on gene expression response in human gingival and skin fibroblast cultures. Day-7 3D cultures of GFBLs (A; GFBL-DC, GFBL-IE, and GFBL-DW) and SFBLs (B; SFBL-1-2, SFBL-4-1, and SFBL-302) were serum-starved for 24 h and then treated with Gap27 or control peptide (150 μM), and TAT-Gap19 or control peptide (400 μM) for 24 h, and the expression of a set of genes involved in wound healing was analyzed by qPCR. Results represent mean ± s.e.m. of amount of mRNA relative to control peptide-treated cells. Statistical testing was performed using two-tailed Student's t-test by comparison between Gap27-or TAT-Gap19-induced gene expression changes ($ p < 0.05, $$ p < 0.01), or relative to the corresponding control peptide-treated samples, respectively (* p < 0.05, ** p < 0.01, *** p < 0.001). fibroblasts in vivo. However, gingiva and skin showed marked differences in the abundance of Cx43. Based on analysis of pig tissue samples that contained both epithelium and connective tissue, skin expressed significantly higher levels of Cx43 mRNA than did gingiva. Cx43 immunostaining was also greater in the human skin epidermis compared to gingival epithelium. More specifically, in skin epidermis total Cx43-positive plaques were most abundant at the upper epidermal layers with notably less staining in the basal and spinous layers, which is consistent with previous findings [4] . Cx43(E2) staining, on the other hand, showed very few and weakly positive Cx43 HC plaques at the spinous and upper epithelial layers, while the basal layer was negative. Therefore, in the skin epidermis, Cx43 forms mainly GJ plaques and only few HCs are present and localize to the suprabasal layers. In contrast to the epidermis, in gingival epithelium, Cx43 was assembled into distinct GJ and HC plaques at the basal and spinous layers. However, the upper keratinocytes presented only Cx43-positive GJs and no HCs. Thus, human skin epithelium possesses markedly greater abundance of total Cx43-positive plaques, but few Cx43 HCs as compared to gingival epithelium. The different localization of total Cx43 and Cx43 HCs into basal and suprabasal layers in gingival and skin epithelium, respectively, suggests that Cx43 plays distinct roles in keratinocyte differentiation and function in these two tissues. Cx43 expression and GJ formation modulates keratinocyte differentiation in organotypic cultures and during fetal development [2, 40, 77] , but the role of Cx43 HCs in this process and in other keratinocyte functions is poorly understood.
In connective tissue, Cx43 was also present in SFBLs and GFBLs in vivo, with Cx43-positive plaques localized on the cell body and processes. Interestingly, however, Cx43 HCs were almost totally absent in SFBLs, while in GFBLs their abundance appeared similar to the plaques stained with the total Cx43 antibody. Therefore, GFBLs appear to mainly contain Cx43 HCs, while in SFBLs Cx43 plaques may represent mostly GJs in vivo. Findings from dye transfer experiments have shown that fibroblasts residing in intact human skin likely communicate with each other through the GJs although the identity of the Cxs involved remained unknown [59] . As Cx43 is the major Cx in SFBLs and GFBLs, it is likely that it also plays a key role in gap junctional intercellular communication (GJIC) in these tissues in vivo. In any case, it is intriguing that SFBLs largely lacked Cx43 HCs while they were abundant in GFBLs in vivo. Clearly, the functional role of Cx43 HCs in skin and gingival connective tissue, like in the epithelium, needs further clarification. The functional significance of the higher abundance of Cx43 HCs in normal gingival epithelium and fibroblasts as compared to skin may relate to the relatively high tissue turnover rate in gingival epithelium and connective tissue compared to skin [19] . In addition, unlike skin, healthy gingiva is characterized by a subclinical inflammation [7] that may be important for the defense against oral microbes. It is well established that Cx43 HCs play a key role in the inflammatory response [76] , but their role in gingiva has remained unexplored.
In any case, there is strong evidence that Cx43 plays an important role in wound healing [45, 54] and distinct expression or function of Cx43 in gingiva and skin may contribute to different wound healing outcomes in these tissues. Our previous findings have shown that while the abundance of total Cx43 is strongly downregulated in GFBLs during the early inflammatory and granulation tissue formation stages of gingival wound healing, there is a gradual increase in Cx43 abundance during the matrix deposition and remodeling stages of healing [69] . Furthermore, a transient downregulation of Cx43 expression or function at the early stages of wound healing promotes skin wound closure and reduces scaring [45, 54] . Therefore, to compare Cx43 expression and function in GFBLs and SFBLs in relation to wound healing, we used five cell lines of human GFBLs and SFBLs in a 3D culture model, which mimics the matrix deposition and remodeling stages of wound healing better than the traditional 2D cultures [12, 13, 23, 31, 34, 56, 73] . In this model, Cx43 was the major Cx expressed by both GFBLs and SFBLs, and it formed functional GJs and HCs in both cell types. While GFBLs and SFBLs did not show significant differences in Cx43 mRNA expression, SFBLs produced significantly higher levels of total Cx43 protein. This suggests that posttranscriptional Cx43 processing and turnover is distinctly regulated in SFBLs and GFBLs. In many cell types, Cx43 turnover is fast, and involves several mechanisms that modulate its biosynthesis, transport and assembly in the cell membrane, endocytosis, degradation and recycling [52] . Very little is known about these processes specifically in fibroblasts. Nonetheless, based on immunostaining with total and Cx43 HC-specific antibodies, and consistent with our previous data from standard 2D cultures [70] , Cx43 was mainly assembled into HC plaques in GFBLs. Interestingly, in day-3 and -7 cultures, SFBLs displayed significantly less Cx43 HCs than did GFBLs, which is similar to the above findings in vivo. The abundance of Cx43 HCs in SFBLs increased over time, reaching levels similar to those of GFBLs by day-14 post-seeding. Table 1 Regulation of the expression of wound healing-associated genes by Cx43 GJ and HC blocking peptides in gingival and skin fibroblasts. The table summarizes data from Fig. 4 . Genes are indicated based on whether their expression was significantly (p < 0.05; two-tailed Student's t-test) changed only by Gap27, only by TAT-Gap19, by both Gap27 and TAT-Gap19, or genes that were not regulated by Gap27 and TAT-Gap19 relative to corresponding controls. For the experiment, day-7 3D cultures from three parallel GFBL and SFBL strains were treated with Gap27 (150 μM), TAT-Gap19 (400 μM) or corresponding control peptides for 24 h. Results are from qPCR analysis of mRNA amount relative to control peptide-treated samples. Genes regulated by different mechanisms in GFBLs and SFBLs are bolded. Collectively, in this model, SFBLs, but not GFBLs, increase the abundance and distribution of Cx43 into HC plaques over time. In order to explore the functional significance of this finding, we used Cx43 mimetic peptides as tools to dissect regulation of gene expression by Cx43 GJs and HCs in SFBLs compared to GFBLs. Gap27 blocks both of its GJ and HC functions [29, 8] , while TAT-Gap19 blocks only Cx43 HC functions without affecting GJs [74] . In addition, TAT-Gap19 may also affect Cx43 channel-independent functions by inducing conformational changes that perturb interactions of the cytoplasmic domains with intracellular signaling molecules [1, 30, 51, 74] . Our analysis focused on 21 wound healing-related genes that were previously regulated by these peptides in standard 2D cultures of GFBLs. We also included four genes in the analysis that were not regulated by either of the peptides in 2D cultures of GFBLs [69, 70] . Similar to the 2D cultures [69, 70] , the above four genes were not regulated by either of peptide treatments in GFBLs also in this 3D model. As in our previous study of GFBLs in 2D cultures, the expression of nine genes was regulated by only Gap27 treatment or by both peptides, respectively, also in the 3D model. The expression of the remaining eight genes, however, was apparently regulated by different mechanisms in the 3D model when compared to the previous 2D model data (Supplemental Table S4 ) [70] . Taken together, the function of Cx43 GJs and HCs in GFBLs may be modulated by the 3D environment distinctly from the 2D cultures. Cx GJIC and HC functions and signaling can be regulated by various mechanisms that involve interplay with signals elicited by cell adhesion to the extracellular matrix, mechanosensing, and auto-and paracrine cytokines/growth factors, which may be different between the 2D and 3D cultures [13, 34, 71, 79, 82] .
When comparing gene expression changes induced by the peptide treatments between GFBLs and SFBLs in the 3D model, 12 out of 25 studied genes showed similar responses to the peptide treatments in both GFBLs and SFBLs. From these genes, the expression of MMP-14, TIMP-2, α-SMA, and Cx45 was not regulated by either of the peptides in both cell types, suggesting that their expression is not regulated by Cx43 in either GFBLs or SFBLs. Interestingly, 13 genes were differently regulated by the peptide treatments in GFBLs and SFBLs. These genes included six ECM proteins (EDA-FN, EDB-FN, Collagen type III, Tenascin-C, Decorin, and Fibromodulin) involved in wound healing [27] , two protease inhibitors (TIMP-1 and TIMP-4) that modulate inflammation and tissue remodeling [15, 66] , and three TGF-β signalingrelated genes (TGF-β1, TGF-β3, and NAB1) involved in fibrosis and scar formation [55] . They also included Cx43 and Cadherin-2, which play a role in intercellular communications [14] . From the above 13 genes, six (TIMP-1, Tenascin-C, TGF-β1, TGF-β3, Cx43, and Cadherin-2) were significantly upregulated by both Gap27 and TAT-Gap19 treatments in GFBLs, suggesting that they are regulated by Cx43 HCs in these cells. In contrast, expression of these six genes was not affected by either of the peptide treatments in SFBLs. Moreover, the expression of EDB-FN in SFBLs and TIMP-4 and Collagen type III in GFBLs was regulated by only Gap27 and not by TAT-Gap19, suggesting that these genes are distinctly regulated by Cx43 GJs in GFBLs and SFBLs.
It is intriguing that some genes in both GFBLs and SFBLs (TIMP-3, Collagen Type I, NMMBII, and CXCL12), or in only GFBLs (NAB1) or SFBLs (EDA-FN, Decorin, and Fibromodulin) were significantly regulated by TATGap19 but not with Gap27, although both peptides are expected to block Cx43 HCs. Gap27 binds to the Cx43 extracellular loop, whereas TAT-Gap19 binds to the L2 domain of the cytoplasmic loop altering its interaction with the C-terminal tail. In addition to blocking Cx43 HC functions, this may perturb interactions of the Cx43 cytoplasmic domains with the intracellular signaling molecules affecting Cx43 channel-independent signaling [1, 30, 51, 74] . Therefore, it is possible that the expression changes in the above genes resulting from exposure to only TAT-Gap19 are mediated by the channel-independent functions of Cx43. Distinct regulation of the above four genes (NAB1, EDA-FN, Decorin, and Fibromodulin) by this mechanism in GFBLs compared to SFBLs suggests that Cx43 channel-independent functions are also distinctly regulated in these two cell types in this model.
To summarize, we have shown for the first time that Cx43 distinctly assembles into Cx43 GJs and HCs in human skin and gingiva in vivo. Interestingly, in contrast to GFBLs, Cx43 HCs composed only a small proportion of total Cx43 in SFBLs in vivo and in vitro. Using the 3D culture model, we further showed that the GJ, HC, and channel-independent functions of Cx43, the major Cx expressed by these cells, distinctly regulate wound healing-related gene expression patterns in GFBLs and SFBLs. Therefore, it is possible that the distinct wound healing outcomes in skin and gingiva may partly derive from inherently different assembly and function of Cx43 in the resident fibroblasts.
